We aimed to determine if visual feedback use during aerial skills is more efficient at low angular head velocity (AHV; i.e., <350 deg/s) than at high AHV. Twelve experienced female acrobats performed 20 back tuck somersaults under four experimental conditions: full-vision (FV), vision at AHV below 350 deg/s (VBelow), vision at AHV above 350 deg/s (VAbove), and no-vision (NV). AHV was calculated in real time, and liquid crystal goggles were used to manipulate vision. Two gymnastics judges scored landing stability using a four-point scale. All vision conditions that allowed some vision yielded significantly better landing scores than in the NV condition. Furthermore, a nonparametric test revealed that VBelow yielded a better performance ranking than the FV condition. We conclude that visual feedback during a back tuck somersault is used for landing stability at all angular head velocities, but optimal feedback use occurs when there is retinal stability.
There are spatial and temporal constraints that must be met to perform a controlled aerial skill and land in a correct and stabilized position (Bardy & Laurent, 1998) . Sensory information integrated from the visual, vestibular, and somatosensory systems is used to control body orientation in space, and many of these systems are "stressed beyond their optimal functional range" (Davlin, Sands, & Shultz, 2001, p. 338 ; see also Davlin, 2000) . That is, when the body is in the flight phase of an aerial skill, the otoliths of the vestibular system and the mechanoreceptors of the somatosensory system do not provide direct information about body orientation relative to the ground (Bardy & Laurent, 1998; Davlin et al., 2001; Davlin, 2000; Lee, Young, & Rewt, 1992) . In addition, it appears that the visual-vestibular system's capacity is surpassed at various times during a back tuck somersault. Berthoz and Pozzo (1994;  see also Pozzo, Berthoz, & Lefort, 1992) have demonstrated that peak angular velocity of the head can reach approximately 750 deg/s during a back tuck somersault, whereas it has been suggested that the vestibulo-ocular reflex is limited to angular head velocities below 350 deg/s (Pulaski, Zee, & Robinson, 1981) . Beyond such head angular velocities, it should not be possible to stabilize images on the retina. Yet, vision is considered to be a key and dominant source of information when performing aerial skills (e.g., Bardy & Laurent, 1998; Lee et al., 1992; Rezette & Amblard, 1985; Yeadon & Mikulcik, 1996) .
There is consensus that landing balance of an aerial skill can be significantly affected by manipulating vision. For example, Davlin et al. (2001) observed that landing stability was significantly affected by any loss of vision and that reduced vision (i.e., vision during the first or second half of the skill) yields better performance than a no-vision condition. This finding was further supported by Rezette and Amblard (1985) , who concluded that landing imbalance occurs frequently in strobe lighting (12 flashes/s) and darkness as compared with normal lighting. In addition, Hondzinski and Darling (2001) assessed landing balance in three visual conditions: full-vision, reduced acuity (i.e., subjects wore contacts that blocked light reflected on the central retina), and no-vision. Poorest landing performance was found in the no-vision condition, and both vision conditions (i.e., full and reduced) were not significantly different. Thus, it has been repeatedly observed that visual manipulations affect landing stability of an aerial skill.
In terms of in-flight characteristics, the evidence is not as conclusive. Bardy and Laurent (1998) observed that expert gymnasts can produce a consistent kinematic pattern despite visual information withdrawal. Davlin et al. (2001) had gymnasts perform back tuck somersaults under four visual conditions: full-vision, vision only in the first half of the skill, vision only in the second half of the skill, and no-vision. Results revealed no significant differences in the movement kinematics between conditions (e.g., timing of the opening phase of the back, hip, and knee). Furthermore, Davlin, Sands, and Shultz (2002) carried out a different experiment in which gymnasts had to press a switch when reaching a specific body orientation during the back tuck somersault. Testing was carried out in full-vision and no-vision conditions, and no significant differences in identifying body orientations were found. As such, in-flight characteristics are not always affected by vision manipulations. On the other hand, some evidence for the importance of vision for body orientation control has been reported (e.g., Bardy & Laurent, 1998; Lee et al., 1992) . For example, these studies provided evidence that body orientation variability is decreased in flight during the latter part of a somersault in a full-vision condition as compared with a no-vision condition. Thus, it appears that manipulating vision affects the body orientation variability associated with the prelanding phase of the somersault, whereas other flight characteristics remain relatively unaffected.
The purpose of this study was to investigate how visual feedback is used during a back tuck somersault to control landing stability. Because the available empirical evidence suggests that landing balance is most affected by visual feedback manipulations, we assessed landing stability. Specifically, the goal of this study was to determine if visual feedback use for body orientation control is more efficient at low angular head velocity (AHV; i.e., less than 350 deg/s) than at high AHV. Thus, a standing back tuck somersault was performed under four vision conditions: full-vision (FV), vision at AHV below 350 deg/s (VBelow), vision at AHV above 350 deg/s (VAbove), and no-vision (NV).
It was hypothesized that landing stability in any of the vision conditions (i.e., FV, VAbove, VBelow) would be significantly better than in the NV condition. In addition, if vision is optimally used during an aerial skill when the head rotates below 350 deg/s (i.e., when an image is stable on the retina), then landing stability in VBelow and FV should be better than in VAbove and NV.
Methods Participants
Twelve female acrobats (average age = 19.6 ± 2.3 years, average training time = 11.6 ± 3.7 years) with normal or corrected-to-normal vision participated in this study. All participants were students and/or members of the University of Toronto community. An informed consent was signed before participation in the study.
Equipment
An Opto-Electric motion-tracking system (OptoTrak, Northern Digital Inc.) with a sampling frequency of 100 Hz was used to determine AHV. Two Infra Red Emitting Diodes (IREDs) were affixed to the head of the participant (see procedure in the next section). OptoTrak custom software was used to calculate head angular velocity in real time and sent a digital signal through an analog-to-digital unit (ODAUII). The OptoTrak signals were received on a computer equipped with customized software (E-Prime, Psychology Software Tools Inc.), which controlled the experimental conditions and triggered liquid crystal goggles (Milgram, 1987) to manipulate visual information. A handheld switch enabled the experimenter to initiate each trial as desired. Last, all trials were videotaped with a Sony digital video camera recorder (model DCR-TRV260).
Study Procedures and Task
The experimental task was a standing back tuck somersault. Participants took off from a foam block (height = 38 cm) and landed on a safety mat (height = 20.5 cm). Before every trial, participants had a 5-s countdown that began with three low tones (200 Hz) provided by a computer every 1,000 ms. The participant was then instructed to wait 2 additional seconds without any tones before initiating take-off. Participants were also instructed to stabilize their landing for 3 s after touchdown. They were also allowed two or three familiarization trials with no equipment before testing.
After the familiarization trials, the two IREDs were affixed to the left side of the head on a swimming cap worn by the participant. One IRED was placed 7 cm vertically above the midpoint of an imaginary line formed by the lateral end of the brow ridge (i.e., supracilliary arch) of the frontal bone and the posterior end of the zygomatic process of the temporal bone. The second IRED was placed 8 cm posterior to the first IRED and parallel to the same brow ridge-zygomatic process line. This systematic placement of the IREDs was selected to facilitate comparisons between participants. In addition, the physical orientation of the task required that the IREDs be placed on the left side of the body and above the arm of the goggles so that they can be viewed by the OptoTrak camera. The goggles were fitted and secured by an elastic strap after affixing the IREDs. Finally, the IREDs strober and goggles control unit were attached to a tensor belt worn around the participant's waist and secured with athletic tape.
The task was performed under four vision conditions. These conditions were full-vision (FV) for the entire skill, vision only when head angular velocity was above 350 deg/s (VAbove), vision only when head angular velocity was below 350 deg/s (VBelow), and no-vision for the entire skill (NV). Visual feedback manipulations in VAbove and VBelow were performed in real time such that every time the AHV fell below or rose above 350 deg/s for two subsequent samples, the goggles changed state according to the actual condition. Because of the sampling rate (i.e., 10 ms per sample), electronic equipment activation (i.e., ODAUII board and liquid crystal goggles: approximately 4 ms [see Milgram, 1987] ), and data processing (i.e., <1 ms), the delay between the actual crossing of the AHV threshold and the change in the goggles state was approximately 25 ms.
Each participant was asked to perform 5 back tuck somersaults in every condition for a total of 20 somersaults. Conditions were presented in a pseudo-random order with the limitation of not presenting a condition more than twice in a row. The participants were informed before each trial as to what condition would be presented. They were reminded that they could rest as needed throughout the experiment. In addition, for ethical purposes, an experienced spotter stood beside the participant ready to provide physical assistance if necessary to prevent injury. The spotter, however, did not have to provide any assistance throughout data collection. All trials were, therefore, included in the analyses.
Data Analysis
Stability at landing was scored on a four-point scale by two certified gymnastics judges. We adapted the scoring system used by Hondzinski and Darling (2001) : a mark of 0 points was given to the participant if there were no forward, backward, or lateral movements on landing; 1 point for a small hop or step; 2 points for a large hop or step or two small hops or steps; 3 for any greater number of hops or steps; and 4 for a fall, which includes hand or knee support. In addition, one small step was defined as less than one shoulder width, and a large step was defined as greater than two shoulder widths (see Hondzinski & Darling, 2001 ). Any faults related to (a) legs apart, (b) arm swings, (c) trunk movements, (d) body posture, and (e) deep squat were asked to be disregarded by the judges. Judges were aware that visual feedback varied between trials but were unaware of the actual condition on each trial because participants were viewed laterally by the camera. All trials were randomly ordered onto a single DVD. As a result of technical difficulties associated with the motion-tracking system, 22 of the 240 trials were discarded. In addition, 40 trials were inserted twice onto the DVD to test for within-judge reliability. The inter-and intrarater reliability of the judges were both high (intrarater reliability, r = .97; interrater reliability, r = .90). The scores were analyzed using a one-way repeated-measures ANOVA. A Tukey HSD post hoc procedure was used, and alpha was set at .05 for all statistical tests.
To assess the influence of visual manipulations on head orientation control, we analyzed the AHV profiles during the flight phase using MatLab (The MathWorks, Inc.) custom data-reduction software. Because of normal obstruction of the IREDs at take-off and/or at landing (i.e., arms momentarily passing between an IRED and the OptoTrak camera), we were able to generate an estimation of the flight phase (see the following for approximation) on 86% of the trials. Fortunately, such obstruction did not jeopardize the experimental manipulation because they did not occur at AHV neighboring 350 deg/s.
We approximated the fight phase using a conservative approach. From the AHV profile, we first identified the section of the data where the goggles were triggered (i.e., AHV > 350 deg/s). Then, peak AHV (Peak_AHV) was identified, as well as its time of occurrence. From the time of Peak_AHV, a flight phase was estimated by using the two closest time points at which AHV was lower than 200 deg/s (note: if such points were not identifiable within ±300 ms from peak AHV, the lowest value in the vicinity was selected). These two time points represented conservative estimates of flight time because we approximated the flight time to be 600 ms from the videos, whereas the selected 200 deg/s criterion yielded an average estimated flight time of 409 ms. Although it is possible that our take-off start was sometimes identified early (i.e., before take-off), the selected 200 deg/s criterion allowed for making a conservative estimate of the end of the flight phase (i.e., definitely before touchdown), which is most relevant for this study (see the following). Finally, to assess when and to what extent participants controlled their AHV during the estimated flight phase, the deepest "dip" in the profile (i.e., Low_AHV), as well as its time of occurrence, was identified relative to the end of the estimated flight phase.
To determine if participants were able to control their AHV as a function of the visual condition, we contrasted Peak_AHV and Low_AHV across all conditions. In addition, we assessed the time at which Low_AHV occurred relative to the end of the flight phase to determine if participants had sufficient time to process visual feedback (i.e., at least 100 ms; see Carlton, 1992) . These comparisons were made with ANOVAs using the Tukey HSD post hoc procedure when necessary and setting alpha at .05 for all statistical tests.
Results
There was a main effect for vision condition on the landing balance scores, F(3, 11) = 7.56, p < .001. Post hoc analysis indicated that all conditions that allowed some vision yielded significantly better landing scores than the NV condition (see Figure 1) . Further inspection of the data revealed large between-subject variability, which prompted us to perform a nonparametric statistical test.
The Friedman's ANOVA revealed a significant effect of vision condition, χ 2 = 14.07, p < .01. This analysis yielded average ranking scores (and standard deviations) for each condition (see Figure 2) . Post hoc tests revealed that performance was worse in the NV condition than all other conditions (p < .05). In addition, VAbove did not result in significantly different performance rankings than FV or VBelow. Finally, most participants exhibited a better performance in the VBelow than in the FV condition (p < .05).
As for the AHV data, it appears that participants were not able to significantly alter their head angular velocity pattern across conditions (i.e., Peak_AHV: F(3, 33) = 0.6, p > .6; Low_AHV: F(3, 33) = 0.79, p > .5; Time between Low_AHV and the end of the estimated flight phase: F(3, 33) = 0.74, p > .5; see Table 1 ). 
Discussion
As hypothesized, landing scores were better in all conditions presenting some visual feedback than in the no-vision condition. The landing-scores analysis did not reveal any further differences.
The nonparametric analysis also revealed that all conditions including vision yielded better performance rankings than the no-vision condition. Furthermore, contrary to our hypotheses, VAbove did not yield a significantly different performance ranking than the VBelow and the FV conditions. This discrepancy can be explained by our selected AHV threshold (i.e., 350 deg/s; see the following). Most interesting, VBelow actually yielded a better performance ranking than the FV condition.
Although the VBelow condition provided less vision than the FV condition, participants exhibited better performance in VBelow than in FV. It is suggested here that being presented with stable visual images only (i.e., VBelow) yields better performance than experiencing visual feedback at all angular head velocities (i.e., FV). The ensuing principle would suggest that most visual samples are beneficial to performance but that some visual samples (e.g., vision beyond the vestibulo-ocular reflex threshold) are detrimental to performance. Such an optimal-visual-feedbackutilization hypothesis would have been fully supported if VBelow would have led to a better performance ranking than VAbove.
It appears that the selected criterion for withdrawing visual feedback was too low for some participants. It is already known that there is a lowering of AHV before landing and that this dip in AHV is observed more often when vision is present (e.g., Hondzinski & Darling, 2001) . Thus, such a temporary decrease of the AHV suggests that athletes are voluntarily controlling their heads to decrease the retinal slip before landing when vision is available. Our participants did exhibit a lowering of AHV before landing, but such lowering did not go below 350 deg/s for all participants (see composite AHV profile of aerial phase on Figure 3 ). As such, some athletes might have captured crucial visual information before landing both in VAbove and in VBelow (see the following). This helps to explain why VAbove is as good as FV and why VAbove is not different from VBelow. At the very least, the employed threshold could be reviewed on an individual basis. In this study, we withdrew visual information when head angular velocity exceeded or fell below an established criterion (i.e., 6.1 rad/s or 350 deg/s). This criterion was based on previous empirical investigations on the limitations of the vestibulo-ocular reflex (Pulaski et al., 1981 ; see also Roy & Tomlinson, 2004) . One potential problem with this criterion is the fact that our aerial skill involved a rotation in the sagittal plane, whereas Pulaski et al. (1981) used head rotations in the horizontal plane. Another issue is that experienced gymnasts are exposed to high angular head accelerations and velocities on a regular basis. Indeed, two of our gymnasts exhibited Low_AHV greater than 400 deg/s in all conditions. Such a result could indicate that their vestibulo-ocular reflex is functional at higher head angular velocities than the average population.
Finally, our participants did not exhibit significant variations of their AHV as a function of the visual condition (cf., Hondzinski & Darling, 2001 ). We attribute this difference to the physical setting in which the skill was performed. Indeed, most back tuck studies had participants perform the somersault on a trampoline, which allows longer flight times to control the AHV than when performing the back tuck from a firm surface as in our experiment. Consequently, our physical setting probably coerced the participants to a more stereotypical AHV profile than in comparable studies. Yet, our manipulations yielded significant landing-stability score differences. Furthermore, the Low_AHV occurred 184 ms before touching the ground or earlier, which was sufficient to process visual feedback (see Carlton, 1992) and prepare a stabilizing response to be executed after touchdown. Last but not least, the landing-stability results were significantly influenced by withdrawing the visual feedback available during the flight phase of the somersault. 
Conclusion
We first conclude that the presence of visual feedback during all phases of an aerial skill is beneficial for landing stability. More important, we also suggest that optimal feedback use can be reached with fewer visual samples presented at low angular head velocities, as compared with a full-vision condition. Thus, this study presents empirical evidence that an optimally selected vision withdrawal can lead to a significant improvement in performance.
